Purpose The pathophysiology of retinal ischemia involves mechanisms including inflammation and apoptosis. Ischemic postconditioning (Post-C), a brief non-lethal ischemia, induces a long-term ischemic tolerance, but the mechanisms of ischemic postconditioning in the retina have only been described on a limited basis. Accordingly, we conducted this study to determine the molecular events in retinal ischemic post-conditioning and to identify targets for therapeutic strategies for retinal ischemia. Methods To determine global molecular events in ischemic post-conditioning, a comprehensive study of the transcriptome of whole retina was performed. We utilized RNA sequencing (RNA-Seq), a recently developed, deep sequencing technique enabling quantitative gene expression, with low background noise, dynamic detection range, and discovery of novel genes. Rat retina was subjected to ischemia in vivo by elevation of intraocular pressure above systolic blood pressure. At 24 h after ischemia, Post-C or sham Post-C was performed by another, briefer period of ischemia, and 24 h later, retinas were collected and RNA processed. Results There were 71 significantly affected pathways in post-conditioned/ischemic vs. normals and 43 in sham post conditioned/ ischemic vs. normals. Of these, 28 were unique to Post-C and ischemia. Seven biological pathways relevant to ischemic injury, in Post-C as opposed to sham Post-C, were examined in detail. Apoptosis, p53, cell cycle, JAK-STAT, HIF-1, MAPK and PI3K-Akt pathways significantly differed in the number as well as degree of fold change in genes between conditions. Conclusion Post-C is a complex molecular signaling process with a multitude of altered molecular pathways. We identified potential gene candidates in Post-C. Studying the impact of altering expression of these factors may yield insight into new methods for treating or preventing damage from retinal ischemic disorders.
Introduction
Central retinal artery occlusion (CRAO) due to thrombus or embolism, occurring at an incidence of 1-15/10,000 yearly, develops into retinal ischemia, often impairing visual acuity to <20/400. Severe visual loss increases healthcare costs, mortality and depression; and decreases productivity, independence, and quality of life. Retinal ischemia is also, significantly, a final common pathway in major, chronic visionthreatening diseases including retinal vein occlusion and diabetic retinopathy (DR), and may also be related to the development of age-related maculopathy (ARM). Rodent models of ischemia-reperfusion produce an injury resembling DR [1] . In chronic disease such as DR, there are few available effective treatments. While we, and, subsequently, others, have shown that the retina possesses a potent, endogenous neuroprotective capacity [2, 3] , potentially accessible for clinical therapy, application to patients with DR or at risk of developing DR, has not yet been realized [4] . An obstacle to progress has been the incomplete understanding of retinal ischemia mechanisms and how to safely, efficiently, and precisely access therapeutic molecular targets. We previously demonstrated some of the novel mechanisms of the retina's endogenous Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00417-018-3905-0) contains supplementary material, which is available to authorized users. neuroprotective capacity. Ischemic tolerance is amongst the most promising modulators of ischemic injury shown to date, because it can harness endogenous mechanisms to improve recovery even as late as 24 h after an ischemic event, a mechanism known as post-conditioning (or Post-C) [2] .
Post-conditioning is a brief period of ischemia applied to the retina after the damaging ischemia. It has also been shown to provide neuroprotection in stroke models in brain and in cardioprotection after myocardial ischemia [5, 6] . Some of the underlying mechanisms in Post-C have been described. Post-C attenuated apoptotic cell death [2] . Also, Post-C required activation of Akt, tied to numerous downstream cell survival mediators [7] . It is likely that multiple signaling pathways and altered gene expression are involved in the neuroprotective mechanism of Post-C. In order to identify changes in global gene expression, a comprehensive approach is necessary. Accordingly, the goal of the present study was an in-depth analysis of the global molecular mechanisms by which Post-C produces its neuroprotective function.
Comprehensive analysis of the transcriptome is one of the most useful approaches in understanding global molecular events, with two main techniques based largely on hybridization or sequencing [8] . Hybridization, i.e., microarrays, is well-established and remains popular mostly due to its lowcost. Nevertheless, microarrays suffer from many limitations, e.g., their reliance upon existing knowledge about genome sequence; high background levels owing to crosshybridization; and a limited dynamic range of detection owing to both background and saturation of signals. Moreover, comparing expression levels across different experiments is difficult and can require complicated normalization methods [9] . RNA sequencing (RNA-Seq) is a relatively new technique using a sequencing-based approach to enable global and quantitative examination of the entire transcriptome. It offers two key benefits over the microarray method: it is not limited to detecting transcripts corresponding to existing genomic sequences, and it has very low background signal because DNA sequences are unambiguously mapped to unique regions of the genome [9] . Accordingly, in this study, we used RNASeq to study the global gene expression changes in rat retina in vivo subjected to ischemia and Post-C. The goals were to define the changes in gene expression resulting from Post-C and to thus comprehensively describe molecular mechanisms of Post-C in the retina.
Materials & methods

Animals
Procedures were approved by our institutional Animal Care Committee. Male Wistar rats (200-250 g, Harlan, Indianapolis, IN, USA) were maintained on a 12 h on/ 12 h off light cycle. Experiments were performed during daylight hours. Eyes were treated with topical vigamox and cyclomydril, and for local anesthesia for needle placement, 0.5% proparacaine. For retinal ischemia, rats were anesthetized with ketamine 100 mg/kg and xylazine 7 mg/kg i.p. After sterile preparation, and working under an operating microscope, a 30-gauge, 5/8-in. metal needle (BD Precision Glide; Becton-Dickinson, Franklin Lakes, NJ, USA) was placed with its tip directed away from the lens, just inside the anterior chamber of the right eye, the experimental eye, while the left eye was the control eye. To enable pressurization for increasing intraocular pressure (IOP), and measuring IOP, the needle was connected by a length of plastic tubing via a three-way stopcock to an electronic pressure transducer (Transpac 42,661-04-27; Abbott, North Chicago, IL, USA) and to an elevated bag of balanced salt solution (BSS; by sterile technique, BSS was transferred from its bottle to an empty 1000-mL 0.9% saline plastic bag [Baxter, Deerfield, IL, USA]). IOP, continually displayed on a monitor (Hewlett-Packard HP78534C; Palo Alto, CA, USA), was increased to 130-135 mmHg and maintained constantly for 55 min by pressurizing the bag (Smiths Medical Clear-Cuff, Dublin, OH, USA). The temperature was maintained at 36-37°C with a servo-controlled heating blanket (Harvard Apparatus, Natick, MA, USA). Oxygen saturation was measured by pulse oximetry (Ohmeda; Louisville, CO, USA) with a Band-Aid type probe on the tail. Supplemental oxygen, when necessary to maintain O 2 saturation > 93%, was administered using a cannula in front of the nares and mouth. For the Post-C stimulus, the same procedure was used to increase IOP for 5 min; Post-C or sham Post-C was done 24 h after ischemia, and eyes were collected 24 h after Post-C or sham Post-C.
After euthanasia, eyes were removed and whole retinal homogenates were prepared. Thus, a mixture of retinal cell types was analyzed and results must be interpreted in light of this limitation vs. single cell analysis. Four biological groups, each with four replicates were used in the analysis: retina control (ShamN), retina + post-conditioning (PCN), retina + ischemia + sham Post-C (ShamI), and retina + ischemia + Post-C (PCI). Four pairwise comparisons between groups were generated by the Fisher's exact test: PCI vs. ShamI, ShamI vs. ShamN, PCI vs. ShamN and PCN vs. ShamN each yielding a separate table of fold changes, log 2 (counts per million), P and Q values. In order to examine the Post-C key regulator gene functions and locations within the molecular pathways, as well as the impact of Post-C on gene expression after ischemia, we performed a downstream functional and pathway analysis separately for each of our biological groups, i.e., the effects of Post-C on ischemia were derived by contrasting the individual differences between PCI vs. ShamN and ShamI vs. ShamN.
RNA isolation and library preparation
Total RNA was extracted from frozen retinal tissue, homogenized using TRIzol (Invitrogen, Carlsbad, CA, USA) and Direct-Zol RNA microPrep (Zymo Research, Irvine, CA, USA) according to the manufacturer's protocols. To purify the RNA, the homogenate was passed through Zymo-Spin columns (Zymo Research, Irvine, CA, USA). RNA quality and purity was assessed using the Agilent 2200 TapeStation (Wilmette, IL, USA), Qubit 3.0 Fluorometer (Life Technologies, Grand Island, NY, USA), and Nanodrop. The 260/280 ratios were measured for all RNA samples, with a range of 1.8-2.4. Most samples had a 260/280 ratio of 2-2.1. RNA-Seq libraries were prepared using the QuantSeq 3' mRNA sequencing library preparation kit for Illumina sequencing platform-compatible libraries (Lexogen, Greenland, NH, USA), according to the manufacturer's instructions. The QuantSeq protocol (seq: https://www. lexogen.com/quantseq-3mrna-sequencing/) only requires single direction sequencing. This is because only the region adjacent to the poly(A) tail of mRNAs is sequencing, and the sequencing reaction heads towards the poly(A) tail. If the reverse read were implemented, only a poly(A) sequence would be recovered. Non-coding sequences are not detected using these methods. Then 50 ng of total RNA were used as input template, and 18 amplification cycles were performed. The amplification step is an essential part of the RNA-Seq library preparation protocol. This step has three purposes, including: (1) increase of total concentration of molecules via PCR to generate sufficient material for the sequencer, (2) incorporation of sample-specific barcode sequences into the final molecules, and (3) incorporation of Illumina sequencing adapters into the final molecules. The PCR step is part of the manufacturer's instructions. Final libraries for each sample were quantified using quantitative PCR (Real-time PCR library amplification Kit; Kapa Biosystems, Boston, MA, USA). During preparation of the messenger RNAs for sequencing, a unique artificial sequence (barcode) is incorporated during the PCR amplification step. Since every molecule in a sample is labeled with the same barcode, samples from multiple samples can be pooled before sequencing. This approach is used because there is no easy way to physically separate samples on a sequencing flow cell, and because a single flow cell produces much more data than is needed for each sample. The combined library pool was sequenced using an Illumina Nextseq500 sequencer (Illumina, San Diego, CA, USA), employing a high-output kit with 80 base single-end reads. Libraries were prepared in the UIC Core Genomics Facility (CGF) and sequencing was performed in the DNA Services Facility (DNASF).
RNA-Seq analysis
Count matrix preparation
First, we assessed the sequencing quality of raw reads with FastQC, which in contrast to quality control (QC) reports generated by the sequencer itself, detects problems which originate either in the sequencer or in the starting library material [10] . The raw sequence reads were aligned to the reference (rat) genome using the Burrows-Wheeler Aligner (BWA-MEM), an algorithm aligning long sequences ≤ 1 Mb size against a large sequence database (e.g., human genome). This process efficiently maps reads with read-through into polyA tails and adapter sequences, as is common with 3' RNA-Seq [11] . To quantitate the expression levels, we used featureCounts, a program that uses a highly efficient, general-purpose read summarization to approximate counts for genomic features including genes, exons, promoter, gene bodies, genomic bins and chromosomal locations [12] . The output, i.e., the table of raw counts, was used for the following analyses.
Data exploration and quality assessment
Raw counts were generated for 17,311 genes across 16 samples (four biological replicates in four groups). To demonstrate the structure of the data, Supp. Table 1 displays the first 20 rows of raw count data. For complete raw count data, see Supplemental Table 1 , or the weblink: https://uofi.box.com/ s/7cpuceq42fz0tk6jpgp8e9cvl9fiv2in. For preliminary quality assessment, genes with very low counts across all samples were first filtered using the cpm (counts per million) function in edgeR for cpm > 1 in at least four samples [13, 14] . Subsequently, to account for the RNA composition effect, i.e., highly expressed genes consuming a substantial proportion of the total library size, resulting in undersampling of the remaining genes, Trimmed Mean Values (TMM) normalization was performed [13] . Results were then normalized with respect to library size (reads/million) using edgeR's cpm function [13, 14] . A prior count of 2 was added to avoid logarithm evaluation errors and values were log 2 -transformed in order to make the counts approximately homoskedastic, i.e., similar error variances across samples.
Differential expression analysis
The differential expression statistics of the data were also compiled using edgeR [14] . With the filtered raw count values as input, a negative binomial model was fitted, common dispersion estimates for each gene were obtained and Fisher's exact test was performed for each of our pre-defined pairwise comparisons [14] . Genes were considered significantly upregulated if log 2 (fold change) ≥ 1and False Discovery Rate-adjusted P value (FDR) ≤ 0.05 with Benjamin and Hochberg correction for multiple tests [15] (FDR will also sometimes be referred here as a Q value). Genes were considered significantly down-regulated with log 2 (fold change) ≤ −1 and Q ≤ 0.05.
Functional enrichment analysis in ischemia and post-conditioning
Functional enrichment analysis was performed on differentially expressed genes (absolute value of fold change ≥ 1 and Q ≤ 0.05) in each group using FunRich, a stand-alone software tool for functional enrichment and interaction network analysis [16] using the Gene Ontology rat database (Taxon ID: 10,116) [17, 18] . FunRich was used due to its intuitive layout, built-in graphical tools that were publication quality as well as the ability to completely customize the background databases against which the gene sets were run. The functional enrichment tool DAVID is severely limited both in graphical outputs and the annotation databases are frequently outdated. Regulation of biological processes and molecular functions was considered significant when P ≤ 0.05, and "unique" if a given function's P value was ≤ 0.05 in one group and > 0.05 in the comparison group. To illustrate, "Apoptotic Process" had P < 0.001 associated with PCI vs. ShamN and P = 0.12 associated with ShamI vs. ShamN; hence, "Apoptotic Process" was considered a uniquely affected process in PCI vs. ShamN. The results of the functional enrichment analysis were used for inference of the gene pathways affected.
Pathway/impact analysis of ischemia and post-conditioning
To identify key regulator genes and to visualize the affected pathways in ischemic plus post-conditioned compared to ischemic plus sham post-conditioned retinae, iPathwayGuide™ [19] (Advaita, Plymouth, MI, USA) -a web-based impact analysis [20] tool was used. It utilizes the Kyoto Encyclopedia of Genes and Genomes (KEGG) [21] pathway database for molecular pathway representation, with results from edgeR pairwise comparisons (fold changes and Q values) as input. As opposed to functional analysis tools, iPathwayGuide™ takes into account the position of each gene on each pathway, and the type and directions of the interactions with the other genes. iPathwayGuide™ deems genes significantly altered if Q ≤ 0.05 and absolute value of log 2 (fold change) ≥ 2. Significantly affected pathways with adjusted P values, or FDR (false discovery rate) ≤ 0.05 were obtained from two of our comparison groups, i.e., PCI. vs. ShamN and ShamI vs. ShamN, and were analyzed for uniqueness.
Downstream/upstream target identification in ischemia and post-conditioning
To determine the overall changes between specific genes in our unique pathways, each pathway was analyzed with respect to the number, location and fold change difference of significantly up-regulated/down-regulated genes vs. the other group.
Results
Data quality
Low count-filtered, TMM and cpm-normalized, log 2 -transformed table of counts were used to generate boxplots ( Fig. 1) [22] visualizing the relative abundance of gene expression between samples. Results confirmed that the distribution of expression of individual genes was similar across the samples. Principal Component Analysis (PCA) [23] of the first two principal components (Fig. 2) and clustering image map of distances between samples (Supp. Fig. 3 ) demonstrated the variance between sample groups and sample replicates [22] . PCA plots of additional components are available in the Data Supplement (Supp. Fig. 1, Supp. Fig. 2) . The results indicated a relative homogeneity between samples within their biological groups with minimal variation.
Differential gene expression in ischemia with Post-C or sham Post-C
The overall results of the differential gene expression of PCI vs. ShamN and ShamI vs. ShamN are illustrated by their respective volcano plots (Supp. Fig. 4 , Supp. Fig. 5 ) [24] . There were 1352 differentially expressed genes (DEGs), of which 332 were down-regulated and 1020 up-regulated in PCI vs. ShamN, and 416 DEGs, with 46 down-regulated and 370 upregulated in ShamI vs. ShamN. The 4-way Venn diagram (Fig. 3) summarizes the raw number of DEGs in each of the groups. The Supplemental Tables 8-11 , and website link https://uofi.box.com/s/7cpuceq42fz0tk6jpgp8e9cvl9fiv2in contain the full set of data from which Fig. 3 
Functional analysis of ischemia with post-C or sham post-C
The top 10 (ordered by P value) biological processes and molecular functions for PCI vs. ShamN as well as ShamI vs. ShamN are displayed in Figs. 4 and 5, respectively. For PCI vs. ShamN, the highest % of genes making up the biological processes were: response to drug (7.4%; of course no drugs were used in this study, but common pathways may be detected), inflammatory response (6.5%), response to lipopolysaccharides (5.2%), and immune response (4.5%), while for molecular functions they included: protein binding (15.3%), identical protein binding (9.2%), protein homo-dimerization activity (7.4%) and protein kinase binding (4.6%). For ShamI vs. ShamN, the biological processes with the highest % of differentially expressed genes included: inflammatory response (9.6%), immune response (7.4%), innate immune response (6.6%) and cellular response to lipopolysaccharide (6.4%), while for molecular functions they were: protein binding (14.5%), protein homo-dimerization activity (8.6%), carbohydrate binding (3.4%) and integrin binding (2.9%). In addition, the Top 5 (ordered by P value) biological processes and molecular functions uniquely affected in PCI vs. ShamN in comparison to ShamI vs. ShamN are displayed in Fig. 6 . Biological processes involving the highest % of groups included: positive regulation of transcription from RNA polymerase II promoter (7.9%), Fig. 1 Gene expression in each sample, contrasting their respective distributions; generated using R v. 3.2.2 and ggplot2_2.2.1. Individual samples (x-axis) and their log2-transformed expression count (yaxis) are shown. Prior count of 2 was added in order to avoid log evaluation errors. Results confirm that the distribution of expression of individual genes is quite similar across the samples after normalization was performed, as well as that treatment did not have a profound effect at the genomewide expression level negative regulation of gene expression (2.6%), protein autophosphorylation (2.2%) and positive regulation of neuron projection development (2%), while for molecular functions, we obtained: ATP binding (10.33%), protein kinase binding (4.6%), protein C-terminus binding (2.2%) and calmodulin binding (2.2%).
Pathway/impact analysis in ischemia with Post-C or sham Post-C There were 71 significantly affected pathways in PCI vs. ShamN and 43 in ShamI vs. ShamN. Of these, 28 were unique to PCI vs. ShamN. Table 2 summarizes the significantly affected pathways across our conditions. Of 28 uniquely affected pathways in PCI vs. ShamN, seven were chosen for further analysis due to their known or potential biological relevance to ischemic injury. These included: MAPK, apoptosis, JAK-STAT, PI3K-Akt, HIF-1, p53 and cell cycle.
Downstream/upstream potential target identification in ischemia with Post-C or sham Post-C
The seven unique pathway diagrams for PCI vs. ShamN were juxtaposed to ShamI vs. ShamN for comparison. They represent the overall positions and fold changes of the significantly affected genes in a chosen pathway for both groups. Genes To illustrate, simplified JAK-STAT KEGG pathway diagrams for PCI vs. ShamN (Fig. 7a) and ShamI vs. ShamN (Fig. 7b) Table 3 ). MAPK KEGG pathway diagrams for PCI vs. ShamN (Supp. Fig. 6 ) and ShamI vs. ShamN (Supp. Fig. 7 Table 2 ).
Apoptosis KEGG pathway diagrams for PCI vs. ShamN and ShamI vs. ShamN (Supp. Fig. 8 & Supp. Fig. 9 ) respectively, revealed uniquely up-regulated genes in PCI vs. Tables 8-11 for the complete data set used to construct Fig. 3 . https://uofi.box.com/s/ 7cpuceq42fz0tk6jpgp8e9cvl9fiv2in
ShamN: Traf1, Tnfrsf1a, Tnf, Parp3, Nfkbia, Nfkb1, Hrk, Gadd45b, Fos, Fas, Csf2rb, Cflar, Birc5, Birc3, Bak1 and Actb. (Supp. Table 3 ).
PI3K-Akt KEGG pathway diagrams (Supp. Fig. 10 & Supp. Fig. 11 ) showed uniquely up-regulated genes in PCI vs. ShamN: Nfkb1, Creb5, Cdkn1a, Myc, Pik3cd, Gng12, Fig. 4 Functional analysis figures were generated with FunRich 3.0 [16] and Gene Ontology (GO) Norway rat (Taxon ID: 10,116) database [17, 18] . Shown are the top 10 biological processes (a) and molecular functions (b) for PCI vs. ShamN arranged according to increasing P (or decreasing -log 10 (P value)). Percentage of differentially expressed genes belonging to each process is shown as blue bars.-log 10 (P = 0.05) is shown as a reference Fig. 5 Functional analysis figures were generated with FunRich 3.0 [16] and Gene Ontology (GO) Norway rat (Taxon ID: 10,116) database [17, 18] . Shown are the top 10 biological processes (a) and molecular functions (b) for ShamI vs. ShamN, arranged according to increasing P (or decreasing -log 10 (P value)). Percentages of differentially expressed genes belonging to each process are shown as blue bars.-log 10 (P = 0.05) is shown as a reference Itgb7, Itga4, Itga5, Lamc1, Thbs3, Jak2, Il6r, Il2rg, Csf3r, Il6, Csf3, Pik3ap1, Syk, Met, Epha2, Csf1 and Angpt4. Fgf14 was down-regulated in PCI vs. ShamN. Chrm2 was the only gene uniquely affected in ShamI vs. ShamN (down-regulated, Supp. Table 4) .
HIF-1 KEGG pathway diagrams (Supp. Fig. 12 & Supp. Fig. 13 ) showed a set of uniquely up-regulated genes in PCI vs. ShamN: Nos2, Nfkb1, Mknk1, Il6r, Il6,Hk3, Egln3, Cdkn1a, and Angpt4 (Supp. Table 5 ).
The p53 KEGG pathway diagrams (Supp. Fig. 14 & Supp. Fig. 15 ), represent the overall positions and fold changes of the significantly up-regulated genes in the HIF-1 pathway for PCI vs. ShamN and ShamI vs. ShamN, respectively. They revealed a set of uniquely up-regulated genes in PCI vs. ShamN: Igfbp3, Cd82, Fas, Cdkn1a, Cdk1, Gadd45b, and Ccnb1. (Supp. Table 6 ).
Cell cycle KEGG pathway diagrams (Supp. Fig. 16 & Supp. Fig. 17 ) demonstrated genes that were uniquely upregulated for PCI vs. ShamN: Tgfb1, Myc, Mcm5, Cdkn1a, Cdk1, Gadd45b, Ccnb1, Bub1b, Pttg1, Mcm6, and Mcm3. (Supp. Table 7 ).
Discussion
RNA-Seq profiling of the transcriptome of the whole retina yielded 17,300 genes. RNA-Seq is the optimal method for large-scale transcription analysis as it quantitates gene expression, enables novel gene discovery, and detects low abundance genes in a tissue such as the retina [25] . We observed significant differences in both the identities of, degree of changes in, and the pathways of differentially expressed genes in post-conditioning following ischemia compared to sham post-conditioning following ischemia. Differentially expressed genes were then subsequently classified according to their biological processes and molecular functions. The results yield important clues regarding the molecular machinery of this remarkable endogenous protective mechanism in the retina. While we cannot state at this time with certainty which of these pathways will be therapeutically accessible, there are some promising candidates based upon existing studies.
Pathway analysis using iPathwayGuide™ [19] yielded 28 uniquely affected pathways in PCI vs. ShamN. We chose seven specific pathways for further study of mechanisms of Post-C. These included MAPK, apoptosis, Jak-STAT, PI3K-Akt, HIF-1, p53 and cell cycle. Some of the genes overlap across the pathways, thus to simplify presentation, p53 and cell cycle pathways are combined in this Discussion.
These pathways were chosen based on previous studies suggesting biological relevance to ischemia, neuroprotection, or pre-or post-conditioning. Apoptosis is a common mechanism mediating cell death. We previously described that apoptosis peaks in the retina approximately 24-48 h after ischemia [26, 27] . Thus, the retinas were collected at 24 h after Post-C (48 h after ischemia), consistent with the previously described time course of apoptosis. We hypothesized that Post-C significantly attenuated ischemia-induced apoptosisa b Ontology (GO) Norway rat (Taxon ID: 10,116) database [17, 18] . Percentages of DEGs belonging to a particular process/function are shown in blue bars (PCI) and yellow bars (ShamI) related gene expression. All of the genes present in Supp. Table 3 had significantly increased expression in PCI vs. ShamN compared to ShamI vs. Sham N. Some of these genes (e.g., Cflar, Gadd45b, Nfkbia, Birc3 and 5, and Nfkb1) are known anti-apoptosis, pro-survival genes, while others (e.g., Fos, Parp3, Fas, and Tnfrsf1a [28, 29] ) are pro-apoptotic. Therefore, it is likely that survival or death from apoptosis is dependent upon a balance of these pro-and anti-apoptosis genes, and may also depend upon the timing of their expression, not specifically addressed in this study, where we only measured gene expression at one time point. In the p53 pathway/cell cycle, eight genes were significantly increased in PCI vs. ShamN, but not in ShamI vs. ShamN: Ccnb1, Gadd45b and Gadd45g (overlapping with apoptosis gene expression), Cdk1, Cdkn1a, Fas (also overlapping with apoptosis gene expression), Igfbp3 and Cd82. The cell cycle pathway had: Myc, Ccnb1, Tgfb1, Cdkn1a, Bub1b, Pttg1, Cdk1, Gadd45b and g, and Mcm3, 5, and 6. Relatively little is known about cell cycle regulators and ischemic injury in the retina, rendering these results novel. Kuroiwa et al. [30] showed increases in Ccnd1 at 24 h after retinal ischemia in rats, but the functional significance of the changes has not been described. Under normal conditions, neurons are postmitotic and do not re-enter the cell cycle. However, following cerebral ischemia in rats, neurons resumed DNA synthesis as indicated by bromo-deoxyuridine (BrdU) incorporation and expression of G1/S-phase cell cycle transition markers, and were TUNEL positive, suggesting that they underwent apoptosis. BrdU+/TUNEL neurons had decreased G1-phase cyclin-dependent kinase (CDK) inhibitors Cdkn2a and Cdkn1b, induction of late G1/S-phase Cdk2 activity, and retinoblastoma protein phosphorylation [31] . It is difficult to explain why Myc and Cdkn1a, with opposite effects on cell cycling, changed in the same direction, and further studies will be necessary to clarify the implications of these findings.
Notable in our results is that ischemic and post-conditioned retinas had increased Ccnb1, Cdk1, Cdkn1a, and Gadd45b. Ccnb1 regulates G2 to M transition, and Cdk1 favors cell cycle arrest in G2 phase, Gadd45 is involved in DNA repair and damage prevention, and Cdkn1a inhibits entrance into the cell cycle by blocking Ccnd1 and Cdk4/6 [32] . This suggests but does not prove, the possibility that Post-C prevents entrance or completion of the cell cycle in ischemia, and favors DNA repair, to prevent apoptosis and cell death.
With respect to the other cell cycle/p53 genes, Pttg1 deregulation has recently been observed in several mouse models of retinal degeneration, [33, 34] suggesting a possible cell survival role in retina. Bub1b is a component of the mitotic spindle checkpoint, which prevents sister chromatid separation during cell division. Abnormal Bub1b signaling has been implicated in premature aging, although to date, no studies have addressed its role in the retina [35, 36] . MCM proteins control DNA unwinding. [37] In the retina, Mcm5 depletion resulted in apoptosis, likewise suggesting an essential survival function [38] . Because of the prominence of apoptosis in the damage from retinal ischemia, the p53 pathway may be a viable drug target. [39] In the HIF-1 pathway, increases were found in Angpt4, Cdkn1a [40] , Egln3, Hk3, Ifngr2, Il6, Il6r, Mknk1, Nfkb1, and Nos2. Cdkn1a has been associated with neuroprotection in cortical neurons subjected to oxidative stress as well as in a cerebral ischemia model in vivo [40] . Angpt4 has been identified as an angiogenic factor in diabetic retinopathy [41] and increases permeability while enhancing survival of endothelial cells [42] . With respect to Egln3 [43] , HIF is regulated by prolyl hydroxylases, which induces hydroxylation on proline- 402 and -564 on the HIFα subunit [44] . Inhibiting Egln3 prevented oxygen induced retinopathy [45] . However, blockade of Egln3 enhanced HIF1 and decreased myocardial infarct size [46] , thus the significance of increased Egln3 in our study remains unclear. JAK-STAT cytokines and their receptors, Jak2, Stat6, Myc, Cdkn1a, and Socs3 demonstrated increases. There is evidence implicating the JAK-STAT pathway in both neuroprotection from cerebral ischemia, and in myocardial preservation after ischemia. Specifically, the JAK-STAT pathway was involved in Post-C preventing damage from global cerebral ischemia and myocardial ischemia [47] [48] [49] [50] , suggesting a possible role in retinal ischemic Post-C as well. But there are novel genes in the pathway identified in this study which have not been previously studied in ischemic injury or neuroprotection, including Il23a and Csf2, which may be drug targets to examine in future studies.
For MAPK, previously, members of the pathway have been implicated in ischemic injury, pre-and post-ischemic conditioning [51] . But several novel genes were identified in this study. Fgf14 is a novel protein controlling channel gating, axonal targeting and phosphorylation in neurons, affecting synaptic transmission, plasticity and neurogenesis. To date, its role in retina or in ischemia has not been evaluated, although it may be involved in neurodegeneration [52, 53] . Cacng2 is an AMPA-receptor regulating protein [54] . Map4k4 and Map3k8 are inflammatory kinases; Map4k4 also inhibits Jnk. Their role in ischemia has not been previously studied [55] [56] [57] .
Given our previously demonstrated essential role of Akt in retinal Post-C [7] , it was not surprising that the PI3K-Akt pathway had a large number of differentially regulated genes in ischemia and Post-C. Many of these, such as the growth factors (e.g., Fgf14), the cytokines (e.g., Il6r, Il6), integrins for display purposes, with only the affected genes shown. Original diagram was downloaded from the iPathwayGuide® pathway feature [19] .
(e.g., Itga4), receptor tyrosine kinase (e.g., Epha2), are involved in binding to cellular receptors and activation of the PI3K and Akt signaling pathways [58] . We also noted increases in downstream signals in PCI vs. ShamN, including those involved in cell cycle regulation (e.g., Myc and Cdkn1a) [32] , and cell survival mechanisms (e.g., Nfkb1, and Creb5) [59] . Excepting Nfkb1, these downstream factors have not been previously studied for a role in ischemic neuroprotection in the retina.
Complicating interpretation of our results is that we are unable to determine the role of specific retinal cells, since we studied the transcriptome in the whole retina. Importantly, neurons and Müller cells may behave differently after injury. Müller glial cells are the major support cell for neurons in the vertebrate retina. Following neuronal damage, Müller cells undergo reactive gliosis, characterized by proliferation and changes in gene expression. Downregulation of the tumor suppressor protein p27Kip1 and re-entry into the cell cycle occur within the first 24 h after retinal injury. Müller glial cells upregulate genes for gliosis and then downregulate cyclin D3 [60] . Therefore, we could miss important effects specific to Müller cells. This has important implications for cell survival and regeneration of retina, because in mice, if neuronal death is coupled with the intraocular injection of growth factors, Müller glia dedifferentiate, enter the cell cycle, and support modest neuronal regeneration [61] . However, to date true neuronal regeneration from Müller cells has not been shown in mammalian retina. [62] Comparing these results to descriptions of gene expression in human retina in diabetic retinopathy, ARM, and central retinal artery occlusion is complicated by the use of different measurement methods (e.g., microarray vs. our use of RNASeq), different sampling methods, and smaller sample sizes. However, it is of interest that in a study of fibrovascular membranes from patients with proliferative diabetic retinopathy, several of these pathways overlapped with ours including apoptosis, cell cycle, and immune response. [63] The advantages and challenges of RNA-Seq have been reviewed elsewhere [9] . RNA-Seq also has drawbacks which may limit the implications of our results. Library construction remains a challenge [9] , because it involves a number of discrete steps, each of which brings a set of unique complications. Library preparation may introduce noise, and skew read distribution. Long reads and shallow read depth are important tradeoffs that could have affected our results [64] . Large or complex transcriptomes genome alignment poses significant computational and technical challenges. In complex transcriptomes, alternative splicing and splice junctions make reads difficult to map while for large transcriptomes a significant portion of reads map to the multiple locations of the genome [9] . For our experiment specifically, the main drawback is that RNA-Seq is a snapshot of the ever-shifting nature of the cell's transcriptome, and it might not be reflective of events over time. For this reason we chose a 24 h post-ischemia period as our point of reference, which has been previously shown to be the peak time of apoptosis as well as the optimal time for treatment [2] . The results of this experiment have elucidated pathways as well as specific genes that may be involved in retinal ischemic post-conditioning. Studying the impact of increasing expression of these factors may yield insight into new methods for treating or preventing damage from retinal ischemic disorders. 
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